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Abstract
Light quality significantly affects photosynthetic efficiency in plants. The mechanisms for how light quality affects photosynthesis in grape is
poorly understood. Therefore, to investigate the effects of different light qualities on chloroplast ultrastructure and photosynthesis efficiency, two
grape cultivars ‘Italia’ (slower speed of leaf senescence) and ‘Centennial Seedless’ (faster speed of leaf senescence) grown under protected and
delayed conditions were used. The three treatments, replicated three times, were control (no supplemental lighting), red light and blue light. Chlo-
rophyll content, net photosynthetic rate, and the ratio of Fv/Fm significantly increased in red light relative to the control. The opposite trend was
observed in blue light in the early phase of leaf senescence. At later stages, physiological indexes were gradually higher than that of control, re-
sulting in a delay in leaf senescence. Compared to the control, red and blue light both significantly increased the chlorophyll a/b ratio. Electron
microscopy showed that blue light caused severe damage to the fine structure of chloroplasts at early stages of leaf senescence, but effects at later
stages of leaf senescence became less severe compared to the control. The degradation of chloroplast ultrastructure was apparently delayed in red
light throughout the experimental timeframe compared to other treatments. In this experiment, ‘Italia’ showed higher chlorophyll content, net
photosynthetic rate, ratios of Fv/Fm, chlorophyll a/b and better preserved chloroplast ultrastructure relative to ‘Centennial Seedless’, resulting in
a slower rate of leaf senescence.
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1. Introduction
Leaf senescence, as the last stage of leaf development, is often
regarded as a type of programmed cell death (PCD) (van Doorn
and Woltering, 2004). The senescence process is accompanied
by degradation of chlorophyll and protein, a decline in photo-
synthesis, remobilization of nutrients to developing or storage
organs and oxidative degradation of lipids (Hameed et al., 2013;
Nath et al., 2013; Jakhar and Mukherjee, 2014). One of the most
interesting events occurring at the onset of leaf senescence is
the dismantling of the photosynthetic apparatus within chloro-
plasts (Miersch et al., 2000; Wingler et al., 2004). Senescence
can be characterized by specific cell ultrastructural changes (Inada
et al., 1998). Chloroplast breakdown within deteriorating thyla-
koids is one of the earliest and most conspicuous changes in cell
structure as senescence proceeds, while the nucleus and mito-
chondria are the last to be affected during the senescence process
(Smart, 1994; Gan and Amasino, 1997; Prakash et al., 2001; Lee
et al., 2004). The mitochondria can be seen flanking the chlo-
roplast and retaining ultrastructural integrity until late senescence
(Miller et al., 1999; Evans et al., 2010). Electron microscopy
reveals that chloroplasts in senescent leaves differentiate into
gerontoplasts, which contain stack-less thylakoid membranes and
increased accumulation of stroma lipid–protein substance in
plastoglobules (Tevini and Steinmüller, 1985; Kratsch and Wise,
2000; Kusaba et al., 2007; Wada et al., 2009). Plastoglobules
are major characteristics of gerontoplasts in senescent leaves. The
dismantling of thylakoid membranes is accompanied with de-
creased photosynthesis in senescent chloroplasts. This can be
attributed partly to significant loss of photosynthetic electron trans-
port capability of photosystem I (PSI) found in stroma thylakoids
and photosystemII (PSII) found in grana thylakoids during
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senescence (Goodchild and Park, 1971; Guiamét et al., 2002).
Therefore, loss of photochemical efficiency (Fv/Fm), represent-
ing photosynthetic capacity and the structural and functional
integrity of PSII, can be used as to measure senescence (Oh et al.,
1996).
Many physiological, biochemical, molecular and ultrastruc-
tural studies have shown that leaf senescence is regulated by a
complex array of endogenous factors such as age and hor-
mones, and environmental factors such as light, drought, extreme
temperature, and pathogen infection (Smart, 1994). Light in par-
ticular plays a critical role in leaf senescence (Ono et al., 2001).
Borrás et al. (2003) proposed that light quality was closely related
to leaf senescence. Light quality plays a crucial role in photo-
synthetic processes, and its energy inevitably modulates the
processes of photosynthesis. Furthermore, the quality of light
alters the structure and function of chloroplasts in leaves (Kim
et al., 1993; Albertsson, 2001). Different blue and red light treat-
ments have been used to analyze the ultrastructure of organelles
in plant cells (Pang et al., 1998; Shaver et al., 2008). Although
much work on leaf senescence has been performed in plants, no
single comprehensive study has been performed to measure the
effect of different light spectral quality on photosynthetic prop-
erties and ultrastructure of chloroplasts during leaf senescence
in different grape species.
Grapes (Vitis vinifera L.) are one of the most economically
important fruit crops in the world, mainly distributed in north
China (Pang et al., 1998). In recent years, with improvement in
living standards and market demand, grape cultivation using green-
houses has developed rapidly in many regions. Delayed planting
significantly improved the economic benefits of protected cul-
tivation. However, leaf senescence problems seriously affect the
maintenance of mature fruit quality and have become the main
restrictive factor for the sustainable development of protected
grape cultivation. Thus study of factors involved in leaf senes-
cence has theoretical and practical significance for grapes in
delayed cultivation.
In the present experiment, we chose two grape varieties of
Vitis vinifera — ‘Italia’ and ‘Centennial Seedless’— and studied
different senescence-associated characteristics in photosyn-
thetic properties and chloroplast ultrastructure in leaves exposed
to different light spectral qualities (blue light and red light) at
different stages of senescence. The objective of the study was
to elucidate the response of leaf senescence to red light and blue
light and to determine whether the chloroplasts were represen-
tative of the overall senescence symptoms caused by light
treatments, providing a theoretical basis for anti-aging technol-
ogy of grapes under delayed cultivation.
2. Materials and methods
2.1. Plant materials and growth condition
The experiment was conducted in a greenhouse at Institute
of Pomology, Chinese Academy of Agricultural Sciences in
Xingcheng, Liaoning, China (40°16′N, 120°06′E) fromAugust
2013 to January 2014. The greenhouse was equipped with a heat
pump and environmental conditions were maintained with day/
night temperature regimes of 27 °C/18 °C, and relative air
humidity of 75%–80%. Three-year-old ‘Italia’ (a late ripening
variety whose fruit mature from late September to early October
and were completely defoliated period in 2013 from Novem-
ber 28 to December 5, with a slower rate of leaf senescence) and
‘Centennial Seedless’ (a medium ripening variety whose fruit
mature in the middle of August and were completely defoli-
ated in 2013 from November 21 to November 27, with a quicker
rate of leaf senescence) were used, with Beta as rootstock. The
tree was characterized by a single level dragon trunk with a
V-shaped canopy. Plants were alternated in 0.7 m and 2 m wide
rows referred to as narrow- and wide-spacing, respectively.
From 1 August 2013 to loss of leaves, red light or blue light
(the peak wavelength of red light and blue light were 610 nm
and 435 nm) were provided as supplemental lighting, with no
supplemental lighting as a control. The 38 w plant growth light
was provided by Shanghai Heming Lighting Co. Ltd. There were
two lines of plants serving as guard row among different treat-
ments, with 45 plants per treatment. The experiment was designed
as a completely randomized block design with three replicates.
The lamps were mounted at a height of 3.5 m above the ground
(equivalent to 0.4 m above the top of the full-grown canopy) with
2 m spacing between lamps. There were two lamps per lighting
treatment and light intensity, determined by theTES-1332A digital
illumination meter, was (30 ± 5) μmol · m−2 · s−1. The lamps were
turned on a half-hour before sunset and turned off at 0:00 a.m.
(times were adjusted according to the day of the year and varied
between 5 h and 6 h). Experimental treatments with different lights
were maintained until abscission.
Representative grape plants were selected as experimental
plants, and 20 functional leaves of labeled plants were mea-
sured corresponding to intervals of 15 days.All of the experiments
were repeated three times; data presented are means of all ex-
periments with every assay per experiment for each variety.
2.2. Chemical analysis
Determination of chlorophyll content: triplicates of fresh leaf
material (a mixture of 20 leaves for each date) were extracted
in 80% acetone, and the extract was analyzed for absorbance at
wavelengths of 645, 663 and 652 nm. The concentrations of chlo-
rophyll a and chlorophyll b were then calculated using the
following equations (Arnon, 1949).
Chl a mg g OD OD V W. . . ;⋅ = × − ×( ) ( )−1 663 64512 7 2 69 1000
Chl b mg g OD OD V W. . . ;⋅ = × − ×( ) ( )−1 645 66322 9 4 68 1000
Chl a b mg g Chl a Chl b. . . ;+ ⋅ = +( )( )−1
Chl a b mg g Chl a Chl b. . . .⋅ =( )−1
Fluorescence measurements for Fv/Fm at room temperature
were conducted with a Chlorophyll Fluorescence Imager (CFI)
(Technologica, UK) using modulated pulse techniques. Mea-
surements were made on single leaf-discs (diameter = 10 mm)
for each treatment that were acclimated to darkness for 30 min
prior to measurements. Visible light intensity was set to a low
radiation (800 μmol · m−2 · s−1) using fluorescent tubes for 30 min.
Using both light and dark fluorescence parameters, maximal
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efficiency of PSII photochemistry in the dark adapted state was
calculated as the ratio of Fv/Fm.
Net photosynthetic rate (Pn) was measured at a constant tem-
perature of 25 °C and a relative humidity of 60% using an infrared
gas analyser (Ciras-2, PP system, UK). Pn was measured under
a CO2 concentration of 360 μmol · mol−1 and a light intensity
of 1 200 μmol · m−2 · s−1. The tagged leaves of each treatment
were enclosed in the gas exchange chamber between 10: 00 and
11: 30 for gas exchange measurements.
Transmission electron microscopy: leaf tissue of each devel-
opmental stagewas collected for electronmicroscopy. Leaf samples
from each zone were first cut into 1–3 mm pieces, fixed for 24 h
with 4% glutaraldehyde in 0.05 phosphate buffer (pH 7.0–7.2)
at room temperature, washed in phosphate buffer, and then
postfixed with 1% OsO4 for 4 h. The specimens were then de-
hydrated by a gradient series of ethanol for about 15–20 min at
each step, and were finally transferred to pure acetone and then
embedded in viscosity epoxy resin. Ultrathin sections (50–
70 nm)were cutwith a glass knife on aLeicaUCTultramicrotome.
Sections stained with uranyl acetate and lead citrate were ex-
aminedwith a HITACHI-7000 transmission electronmicroscope.
2.3. Statistical analysis
Within each experiment, data from each sampling were ana-
lyzed separately by conventional one-way analysis of variance
(ANOVA) using 19.0 SPASS software. The differences among
different treatments were calculated using Duncan’s multiple range
test. Significant difference among means was determined by LSD
at the P < 0.05 probability level.
3. Results
3.1. Changes in chlorophyll (a + b) content during leaf
senescence
Decrease in chlorophyll content is one of the major physi-
ological features during leaf senescence, and chlorophyll
degradation rate is correlated with the rate of leaf senescence.
Chlorophyll content decreased with increasing senescence in both
cultivars (Table 1). Chlorophyll content was constant in control
and red light treatments from September 9 to 24, thereafter de-
creasing slowly and then rapidly in late October. Chlorophyll
content decreased continuously in blue light since September 9.
In both cultivars, the highest chlorophyll content was observed
in the red light, followed by the control and the blue light treat-
ment was the lowest until November 8. Chlorophyll content in
blue light gradually became higher than the control. On No-
vember 23, Duncan’s multiple range test revealed three clearly
different groups with average chlorophyll concentrations of
39.44% (control treatment), 74.43% (red light treatment) and
62.33% (blue light treatment) with respect to the initial value
for ‘Italia’. Very similar results were obtained for ‘Centennial
Seedless’. In addition, ‘Italia’ showed higher chlorophyll content
than ‘Centennial Seedless’ starting on October 9.
3.2. Changes in the ratio of chlorophyll a to chlorophyll b during
leaf senescence
Changes in chlorophyll a/b ratio of both grape species were
not significant until October 24, and then decreased noticeably
(Table 2). However, the rate of reduction was lower in both blue
and red light-treated plants than the control. On November 23,
compared to the chlorophyll a/b ratio on October 24, ‘Italia’ had
a chlorophyll a/b ratio reduction rate of 37.38%, 0.64%, and
21.61% in control, red and blue light treated plants, respec-
tively. The same trend of chlorophyll a/b ratio rate of reduction
was observed in ‘Centennial Seedless’. Chlorophyll a/b ratio in
the experimental treatments was statistically significant during
the late stage of senescence. After October 24, leaves of control
plants showed significantly reduced chlorophyll a/b ratio than
other treatments, while irrespective of cultivar, plants in red light
had a significantly higher ratio of chlorophyll a/b than those
in blue light. Across the two different light treatments,
Table 1 Effects of different light treatments on chlorophyll content in leaves of both cultivars mg · g−1 FW
Cultivar Treatment 9 Sep 24 Sep 9 Oct 24 Oct 8 Nov 23 Nov 8 Dec 23 Dec 7 Jan 22 Jan
Italia Control 2.041 b 2.184 b 2.079 b 1.890 b 1.402 b 0.805 c – – – –
Red light 2.264 a 2.376 a 2.316 a 2.201 a 1.941 a 1.685 a 1.592 a 1.279 a 0.866 0.648
Blue light 1.943 c 1.901 c 1.850 c 1.670 c 1.333 c 1.211 b 0.845 b 0.589 b – –
Centennial Seedless Control 2.158 b 2.205 b 2.044 b 1.791 b 1.330 b 0.676 c – – – –
Red light 2.295 a 2.361 a 2.247 a 2.093 a 1.837 a 1.542 a 1.153 a 0.686 a 0.479 –
Blue light 1.980 c 1.932 c 1.804 c 1.602 c 1.215 c 1.135 b 0.780 b 0.487 b – –
Note: Data are expressed as means of three replicates (n = 3). Means marked with different letters in the same row within the same cultivar are significantly (P < 0.05)
different according to Duncan’s New Multiple Range Test.
Table 2 Effects of different light treatments on chlorophyll a/b in leaves of both cultivars
Cultivar Treatment 9 Sep 24 Sep 9 Oct 24 Oct 8 Nov 23 Nov 8 Dec 23 Dec 7 Jan 22 Jan
Italia Control 3.534 a 3.667 a 3.519 b 4.066 b 3.460 b 2.546 c – – – –
Red light 3.340 b 3.778 a 4.060 a 3.917 b 3.727 a 3.892 a 2.802 a 3.525 a 3.071 2.905
Blue light 3.587 a 3.701 a 4.078 a 4.317 a 3.698 a 3.384 b 2.420 b 3.151 b – –
Centennial Seedless Control 3.843 a 3.773 b 3.414 b 3.940 ab 3.302 c 2.803 c – – – –
Red light 3.334 b 3.941 a 3.787 a 3.762 b 3.707 a 3.700 a 2.679 a 3.394 a 2.647 –
Blue light 3.382 b 3.811 b 3.527 ab 4.052 a 3.481 b 3.249 b 2.178 b 2.820 b – –
Note: Data are expressed as means of three replicates (n = 3). Means marked with different letters in the same row within the same cultivar are significantly (P < 0.05)
different according to Duncan’s New Multiple Range Test.
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Chlorophyll a/b was higher in ‘Italia’ than in ‘Centennial Seed-
less’ (Table 2).
3.3. Changes in the net photosynthetic rate during leaf
senescence
During senescence of functional leaves in both cultivars, net
photosynthetic rate declined dramatically with senescence and
was highest in ‘Italia’ after September 24 (Table 3). Compared
to the control, red and blue lights significantly affected the pho-
tosynthetic rate of the two cultivars over time. Before November
8, red and blue lights significantly increased and decreased the
photosynthetic rate, respectively, in leaves of both cultivars rela-
tive to the control. Not surprisingly, on November 8 photosynthetic
rate in red light was significantly higher than in other groups,
but with non-significant differences between blue light and control.
As illustrated in Table 4, for both cultivars, the net photosyn-
thetic rate in plants treated with blue light were significantly lower
from September 9 to November 8 compared to the control. After
that time, the photosynthetic rate was significantly highest in plants
in red light, followed by in blue light and in the control. On No-
vember 23, the net photosynthetic rates of both cultivars in the
control were negative, while the supplemental lighting treat-
mentswere positive (Table 3).This trend lasted until leaf abscission.
3.4. Changes in chlorophyll fluorescence parameters during leaf
senescence
No change in Fv/Fm was observed for all three treatments for
both cultivars until October 24 (Table 4). Thereafter, Fv/Fm began
to decline in all treatments. Before November 8, Fv/Fm ratio was
significantly higher in red light and lower in blue light than the
control. After November 8, the ratio of Fv/Fm was significantly
higher in different light treatments and on November 23, the
highest Fv/Fm was observed in plants in red light followed by
in blue light and in the control. Leaves of ‘Italia’ treated with
red light and blue light on November 23 had a ratio of Fv/Fm
increased by 13.06% and 7.17%, respectively, compared to the
control. The ratio of Fv/Fm of ‘Centennial Seedless’ treated with
red light and blue light increased by 13.71% and 7.90%, re-
spectively, during the same sampling period. On September 24,
the cultivar ‘Italia’ had a higher Fv/Fm for a longer period than
‘Centennial Seedless’.
3.5. Chloroplast ultrastructure changes during leaf senescence
The ultrastructure of chloroplasts in red light were elliptical
in profile, possessed a well-developed network of photosyn-
thetic thylakoid membranes separated by grana and stroma
lamellae running approximately parallel to the chloroplast en-
velope membranes, had a prominent starch granule and an intact
double chloroplast membrane (Fig. 1). Compared to the control,
fewer and smaller plastoglobules were observed in the chloro-
plast stroma exposed to red light, which undoubtedly could be
attributed to earlier senescence. In contrast, leaves of both geno-
types in blue light showed symptoms of senescence through an
increase in chloroplastic volume due to higher lipoid aggrega-
tion. Lipoids were also found in leaves of different treatments,
but their number and size were the highest in blue light fol-
lowed by the control and red light. In the blue light-treated leaves,
the lamellae were loosened, with less densely stained thyla-
koids, loosened thylakoid membranes, and less compact grana
compared to other treatments. Chloroplasts of both cultivars were
filled with an increased number of plastoglobules, pushing aside
rudimentary thylakoids. However, basic chloroplast structures
remained in the different treatments. No significant difference
was observed for ‘Italia’ and ‘Centennial Seedless’ at this stage.
As senescence progressed, chloroplast structure deformed and
changed significantly (Fig. 2). In each light treatment, leaf chlo-
roplasts in both cultivars showed greatly enlarged lipid globules
leading to disruption of lamellar structure, swelling of
Table 3 Effects of different light treatments on net photosynthetic rate in leaves of both cultivars μmol · m−2 · s−1
Cultivar Treatment 9 Sep 24 Sep 9 Oct 24 Oct 8 Nov 23 Nov 8 Dec 23 Dec 7 Jan 22 Jan
Italia Control 6.433 b 6.067 b 4.933 b 4.367 b 3.767 b −0.733 c – – – –
Red light 7.067 a 6.700 a 6.433 a 5.900 a 5.533 a 3.867 a 3.667 a 2.800 a 1.733 1.033
Blue light 5.167 c 4.500 c 4.367 c 3.867 c 3.733 b 2.533 b 1.467 b 1.100 b – –
Centennial Seedless Control 6.833 b 6.533 b 4.833 b 4.267 b 3.700 b −0.533 c – – – –
Red light 7.433 a 7.767 a 6.233 a 5.600 a 5.033 a 3.667 a 2.033 a 1.367 a 0.800 –
Blue light 5.467 c 4.500 c 4.100 c 3.800 c 3.600 b 1.733 b 1.033 b 0.733 b – –
Note: Data are expressed as means of three replicates (n = 3). Means marked with different letters in the same row within the same cultivar are significantly (P < 0.05)
different according to Duncan’s New Multiple Range Test.
Table 4 Effects of different light treatments on chlorophyll fluorescence (Fv/Fm) in leaves of both cultivars
Cultivar Treatment 9 Sep 24 Sep 9 Oct 24 Oct 8 Nov 23 Nov 8 Dec 23 Dec 7 Jan 22 Jan
Italia Control 0.715 b 0.717 b 0.708 b 0.707 b 0.692 b 0.628 c – – – –
Red light 0.723 a 0.728 a 0.724 a 0.728 a 0.716 a 0.710 a 0.701 a 0.652 a 0.594 0.548
Blue light 0.700 c 0.704 c 0.696 c 0.694 c 0.688 b 0.673 b 0.667 b 0.587 b – –
Centennial Seedless Control 0.719 b 0.719 b 0.704 b 0.702 b 0.683 b 0.620 c – – – –
Red light 0.728 a 0.731 a 0.720 a 0.723 a 0.710 a 0.705 a 0.693 a 0.606 a 0.560 –
Blue light 0.703 c 0.708 c 0.693 c 0.690 c 0.678 b 0.669 b 0.619 b 0.543 b – –
Note: Data are expressed as means of three replicates (n = 3). Means marked with different letters in the same row within the same cultivar are significantly (P < 0.05)
different according to Duncan’s New Multiple Range Test.
85Red and Blue Lights Significantly Affect Photosynthetic Properties and Ultrastructure of Mesophyll Cells in Senescing Grape Leaves
thylakoid membranes and consequently reduction of starch in
grains. At this stage, chloroplasts were deformed and swollen
from the normal elliptical shape to become round in both the
blue light and control. Mostly single or paired thylakoids were
observed, thylakoids of some chloroplasts had apparently been
rearranged to follow the altered contours of the chloroplast en-
velope and these thylakoids membranes did not appear to be
connected to membranes of chloroplasts. Except for the devel-
opment of a few plastoglobules, the chloroplasts of leaves treated
with red light appear similar to those on September 24. Blue and
control treatments led to the disappearance of a portion of the
stroma and the degeneration of thylakoid membranes was promi-
nent in blue light compared to the control. In contrast, at the same
time, the lamellae structure in red light had just begun to loosen.
Compared to the control, blue and red light increased and de-
creased lipoids in chloroplasts, respectively. The thylakoid
membrane was reduced significantly in ‘Centennial Seedless’
chloroplasts.
Within each light treatment, chloroplasts of both cultivars were
seriously deformed with progress in senescence (Fig. 3). On No-
vember 23, chloroplasts of blue and control light-treated leaves
showed a decrease in size, as well as a damaged and disrupted
chloroplast structured envelope, spherical in size, which may be
due to large lipoid accumulation in the chloroplast. In control
leaves, the integrity in the internal network of thylakoid mem-
branes was almost completely lost; chloroplasts had lost their
internal membrane structure and cellular contents were dis-
persed in the cytoplasm. The lipid globules may be extruded from
the chloroplast as an independent body. In contrast, a few grana
and swirled membranes were observed in blue light and only part
of the chloroplast envelope was deformed. However, red light-
treated chloroplasts had an increased lipid globule size and
loosened lamellae structure, with well-preserved envelope and
integrated structure compared to the control and blue light treat-
ments. Cellular substances in leaf chloroplasts in ‘Italia’ were
more condensed than in ‘Centennial Seedless’ chloroplasts.
Fig. 1 Transmission electron micrographs images showing chloroplast ultrastructure in grape leaves of ‘Italia’ (A) and
‘Centennial Seedless’ (B) on September 24
1: Control; 2: Red light-treated plants; 3: Blue light-treated plants. An arrow indicates small plastoglobules with an electron dense periphery.
GL: Grana lamella; L: Lipoid; S: Starch granule.
Fig. 2 Transmission electron micrographs images showing chloroplast ultrastructure in grape leaves of ‘Italia’ (A) and
‘Centennial Seedless’ (B) on October 24
1: Control; 2: Red light-treated plants; 3: Blue light-treated plants. An arrow indicates small plastoglobules with an electron dense periphery.
GL: Grana lamella; L: Lipoid; S: Starch granule.
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As is shown in Fig. 4, the only remaining plants were from
the different light quality treatments on this sampling date (De-
cember 23). Leaves in red light showed degradation of the internal
chloroplast membranes, deformed thylakoid systems, and less
grana stacking. In contrast, under blue light, the chloroplast mem-
brane systems had been completely degraded and some lipid
bodies were extruded from the gerontoplasts, with the chloro-
plasts becoming a mass of globules. Compared to ‘Centennial
Seedless’, cellular degeneration rate was much lower than in
‘Italia’ chloroplasts.
4. Discussion
Physiological characterization parameters revealed that re-
duction in chlorophyll content, and net photosynthetic rate,
together with chlorophyll fluorescence, explained photosyn-
thetic decrease during leaf senescence in grape. Chlorophyll
degradation is characteristic at the early stage of leaf senes-
cence (Sakuraba et al., 2012). In our experiment, chlorophyll
content decreased markedly under different light treatments during
leaf senescence. Chlorophyll content in grape leaves signifi-
cantly increased in red light compared to the control. Opposite
results were observed for leaves in blue light before November
8. Then, chlorophyll degradation rate in blue light was slower,
gradually higher than the control, but significantly lower than
in red light. The reason for this phenomenon was that blue light
could promote leaf peroxidation during the early-senescence phase
and the product of membrane lipid peroxidation ultimately can
contribute to leaf senescence (Dhindsa et al., 1981). The effect
Fig. 3 Transmission electron micrographs images showing chloroplast ultrastructure in grape leaves of ‘Italia’ (A) and
‘Centennial Seedless’ (B) on November 23
1: Control; 2: Red light-treated plants; 3: Blue light-treated plants. GL: Grana lamella; L: Lipoid.
Fig. 4 Transmission electron micrographs images showing chloroplast ultrastructure in grape leaves of ‘Italia’ (A) and
‘Centennial Seedless’ (B) on December 23
1: Red light-treated plants; 2: Blue light-treated plants. GL: Grana lamella; L: Lipoid.
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of blue light on prolonging irradiation time may be greater than
on promoting senescence at the later phase of senescence, and
retard the degradation of chlorophyll (Trouwborst et al., 2010).
These results are consistent with the results of Xu et al. (2013),
who found that a longer light duration was beneficial to the growth
and development of leaves in strawberry. Chlorophyll a/b is
another important indicator of disorder in the chloroplast
(Krupinska et al., 2012). Variation in the chlorophyll a/b ratio
is likely to reflect changes in the composition and function of
thylakoids in higher plants. The reason for using chlorophyll a/b
ratio is due to the fact that chlorophyll a is bound to the reac-
tion center complexes, while chlorophyll b is thought to be
important for the stability of the light-harvesting Chl–protein
complex (LHCII) located in granal thylakoids (Melis, 1991;
Krupinska et al., 2012). The results of our study showed that chlo-
rophyll a/b ratio was reduced in both grape varieties at later stages
of leaf senescence under experimental conditions, which was pri-
marily caused by a more rapid decrease in the reaction centers
than in the LHC of PSII (Jenkins et al., 1981; Kura-Hotta et al.,
1987). Ultrastructural analyses showed that preferential degra-
dation of grana and proteins associated with the granal thylakoids
is responsible for this unexpected change in the chlorophyll a/b
ratio. Leong et al. (1985) found that the chlorophyll a/b ratio was
higher in Asplenium grown under red light than in blue light.
However, chloroplasts of spinach plants adapted to red light had
a reduced chlorophyll a/b ratio, and the highest chlorophyll content
was observed in blue-light sources compared to red-light sources
(Deng et al., 1989; Arne et al., 1995). In the present experi-
ment, the chlorophyll a/b ratio was highest in red light
followed by blue light and control treatments, but unlike other
photosynthetic capabilities, the blue light treatment was always
higher than the control, indicating that blue light may play a key
role in the photosynthetic electron transport system. We also
surmise that the different methods of chloroplast dismantling are
an intrinsic property of different species using different
mechanisms.
Chlorophyll fluorescence is frequently used for functional-
ity characterization of the photosynthetic apparatus and
photosynthetic decrease during senescence of grape functional
leaves was observed. The decreased net photosynthetic rate and
the photochemical efficiency were positively correlated with chlo-
rophyll content during leaf senescence (Yoo et al., 2003).A decline
in the maximum quantum field of PSII (Fv/Fm) during leaf se-
nescence has also been observed in some species such as
Arabidopsis thaliana (Hinderhofer and Zentgraf, 2001), rice
(Murchie et al., 1999) and barley (Kleber-Janke and Krupinska,
1997). Dark-adapted values of Fv/Fm reflecting the potential
quantum efficiency of PSII are often used as an indicator of plant
photosynthetic performance, with optimal values of 0.83 for most
plant species. Another study reported that values were lower than
optimal values when the plant was exposed to stress or in a state
of senescence (Maxwell and Johnson, 2000). Our data indi-
cated that there was a substantial decrease in net photosynthetic
rate during senescence of functional leaves of grape plants grown
under experimental treatments. In contrast, no obvious differ-
ence in Fv/Fm was observed in the early phases of leaf senescence.
The results suggest that the PSII apparatus can remain intact func-
tionally in senescent grape leaves and can make good use of the
light captured with the remaining PSII apparatus. The Fv/Fm ratio
began to decline at later stages of senescence; the beginning time
of decline in Fv/Fm was different in control and supplemental
light-treated plants (the Fv/Fm ratio declined more slowly in red
light compared to the control and blue light treatment). We ob-
served that compared to the control, red light dramatically
improved the Pn and Fv/Fm values of leaves throughout the sam-
pling period, while blue light values notably decreased before
November 8. After November 8th, the values of Pn and Fv/Fm
were considerably higher in leaves exposed to blue light than
in the control, but still significantly lower than in red light. It
has been recognized that red light is important for developmen-
tal pattern of the photosynthetic apparatus (Britz and Sager, 1990).
Our results showed that supplemental red light significantly in-
creased the Fv/Fm ratio, which could sufficiently protect senescent
leaves against photoinhibition, and the process of leaf senes-
cence could be delayed effectively. Leong et al. (1985) also found
a higher efficiency of chlorophyll for photosynthesis in Asple-
nium australicum exposed to red light compared to blue light.
Detailed ultrastructural studies of chloroplast development have
been extensively investigated during senescence in leaves of wheat
(Gregersen et al., 2008), rice (Kusaba et al., 2007) and barley
(Cohen et al., 1979). Similarly, the degradation of chloroplast
ultrastructure inmesophyll cells of both cultivars showed a similar
pattern as follows: a marked increase in the diameter of lipoids,
the disappearance of starch grains from the chloroplast, the loos-
ening and disorientation of the grana, and dilation and breakage
of membrane system. It was of note that the chloroplast enve-
lope remained relatively intact until later stages of senescence
although breakdown of thylakoidmembranes was initiated during
early during leaf senescence, providing further evidence that the
outer membrane of the chloroplast is one of the last components
to be dismantled during senescence (Biswal and Biswal, 1988;
Kaup et al., 2002). An increase in the number and size of
plastoglobules correlated with chlorophyll degradation during
leaf senescence has been reported (Tevini and Steinmüller, 1985).
However, Colquhoun et al. (1975) found that the number of
plastoglobules decreased and plastoglobules fused into indi-
vidual globules as senescence proceeded. In the present experiment,
these lipid bodies were roughly circular and devoid of internal
structure present in cytoplasm during the late period of senes-
cence (Mittelheuser and van Steveninck, 1971). The qualities of
light have been shown to alter the structure and function of chlo-
roplasts in leaves. In the previous study, differences in the
ultrastructure of chloroplasts caused by light quality were ob-
served (Melis and Harvey, 1981), while little is known about the
mechanisms underlying the effect of red and blue light on the
ultrastructure of mesophyll cells in senescing grape leaves. In
the present experiment, chloroplasts in blue light compared to
other treatments displayed severe senescence symptoms at early
stages of leaf senescence. The damage to chloroplasts in the se-
nescence process at later stages became less severe in blue light
compared to the control. The chloroplast structures of the two
genotypes remained rather intact under red light and severe
damages to chloroplast structure and membranes were not de-
tectable until late compared to the other treatments.These findings
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indicated that the effect of blue light on accelerating leaf senes-
cence at earlier stages was more obvious, but at later stages, the
senescence rate of grape leaves was constrained to a certain extent
due to illumination time, leading to delay of leaf growth for about
onemonth compared to the control (Hovi-Pekkanen andTahvonen,
2008).Therefore, considering the complex influence of blue light
on leaf senescence, information on how to regulate the leaf se-
nescence process by blue light andwhether the blue light is suitable
for productive practice is needed. The degradation of chloro-
plast ultrastructure was apparently delayed in red light compared
to other treatments throughout the entire experimental process.
In contrast, Zhang et al. (2010) found that chloroplasts in tomato
leaves developed normally under both blue and red light, and
lamella structure was stacked densely. Liu et al. (2011) sug-
gested that chloroplasts exhibited the best development in blue
light, while chloroplasts showed obvious dysplasia in red light.
Results of our analysis of chloroplast ultrastructure were not con-
sistent with previous findings and may be due to the different
plant species tested. Similarly, Ramalho et al. (2002) reported
that effects of light quality on chloroplast development were
strongly dependent on plant species photoperception, irradi-
ance level, cell type and on the interactions of the photoreceptors
that might act in tandem, sequentially or competitively.
In the present experiment, we also compared the dynamics
of leaf senescence between ‘Italia’ and ‘Centennial Seedless’.
The results showed that ‘Italia’ maintained greater chlorophyll
content and higher photosynthetic capacity than ‘Centennial Seed-
less’. At the final stage, the chloroplast ultrastructure of
‘Centennial Seedless’was more damaged than ‘Italia’.We deduced
that the rate of leaf senescence was comparatively slower and
that leaves of ‘Italia’ have greater metabolic activity, which con-
tributed to the accumulation of assimilation products.
5. Conclusions
The results showed that the senescence rate of leaves in ‘Italia’
was slower than that in ‘Centennial Seedless’, especially at later
stages. Red light can protect the photosynthetic apparatus during
leaf senescence. After treatment with red light, the growth period
of ‘Italia’ could be delayed for about two months compared to
the control, while the same treatment in ‘Centennial Seedless’
could lead to a delay of one and half months, indicating that red
light exerts a crucial role in delaying senescence. Therefore, red
light can be applied in the practical production of grape delayed
culture, combined with effective agricultural management mea-
sures such as fertilization, irrigation, thus preventing the
occurrence of leaf premature senescence and improving the anti-
aging ability of grapes under protected and delayed culture.
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